a b s t r a c t TDP-43 and FUS are linked to amyotrophic lateral sclerosis (ALS) and frontotemporal lobar degeneration (FTLD), and loss of function of either protein contributes to these neurodegenerative conditions. To elucidate the TDP-43-and FUS-regulated pathophysiological RNA metabolism cascades, we assessed the differential gene expression and alternative splicing profiles related to regulation by either TDP-43 or FUS in primary cortical neurons. These profiles overlapped by > 25% with respect to gene expression and > 9% with respect to alternative splicing. The shared downstream RNA targets of TDP-43 and FUS may form a common pathway in the neurodegenerative processes of ALS / FTLD. C 2013 The Authors. Published by Elsevier B.V. on behalf of Federation of European Biochemical Societies. All rights reserved. ଝ This is an open-access article distributed under the terms of the Creative Commons Attribution-NonCommercial-No Derivative Works License, which permits noncommercial use, distribution, and reproduction in any medium, provided the original author and source are credited. (G. Sobue).
Introduction
Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disorder characterized by the death of motor neurons in the spinal cord, brainstem, and motor cortex [ 1 ] . Frontotemporal lobar degeneration (FTLD) is a dementia syndrome characterized by progressive changes in behavior, personality, and / or language resulting from the gradual deterioration of the frontal and temporal lobes [ 2 , 3 ] . Transactive response (TAR) DNA-binding protein 43 (TDP-43) and fused in sarcoma (FUS) have been genetically and pathologically linked to ALS and FTLD; however, the underlying mechanisms by which TDP-43 and FUS induce ALS and FTLD pathologies are unknown [ 2 , 3 ] . that the up-and down-regulation of TDP-43 produced highly similar transcriptome alterations [ 23 ] . Cross-rescue analysis in Drosophila demonstrated that FUS acted together with and downstream of TDP-43 in a common genetic pathway [ 21 ] . Thus, it is intriguing to compare the transcriptome profiles from neurons with silenced TDP-43 or FUS. This experiment could clarify the common molecular mechanisms of ALS / FTLD that are associated with TDP-43 and FUS.
Recently, we investigated the transcriptome profiles of FUS regulation in different cell lineages of the central nervous system and determined that FUS regulates both gene expression and alternative splicing events in a cell-specific manner that is associated with ALS / FTLD [ 24 ] . In the current study, we investigated the transcriptome profiles of TDP-43-silenced primary cortical neurons and compared these profiles with the transcriptome profiles of FUS-silenced neurons. The gene expression and alternative splicing event profiles related to regulation by TDP-43 and by FUS were rather similar, suggesting that TDP-43 and FUS may regulate common downstream RNA targets and molecular cascades that could potentially be associated with the pathomechanisms of ALS / FTLD.
Methods

Lentivirus
We designed two different shRNAs against mouse Tardbp ( Tdp-43 ), Fus , and a control shRNA. The targeted sequences were 5 -CGATGAACCCATTGAAATA-3 for shRNA / TDP-43-1 (shTDP1); 5 -GAGTGGAGGTTATGGTCAA-3 for shRNA / TDP-43-2 (shTDP2); 5 -GCAACAAAGCTACGGACAA-3 for shRNA / FUS1 (shFUS1); 5 -GAGTGGAGGTTATGGTCAA-3 for shRNA / FUS2 (shFUS2); 5 -GGCTTAAAGTGCAGCTCAA-3 for shRNA / Cugbp1 (shCugbp1); and 5 -AAGCAAAGATGTCTGAATA-3 for shRNA / control (shCont). The shRNAs were cloned into a lentiviral shRNA vector (pLenti-RNAi-X2 puro DEST, w16-1, which was a kind gift from Dr. Eric Campeau at Resverlogix Corp.). Lentivirus was prepared in accordance with the protocols detailed by Campeau et al. [ 25 ] .
Primary cortical neuron culture and the depletion of TDP-43 and FUS
Primary cortical neurons were obtained from the fetal brains of C57BL / 6 mouse embryos on embryonic day 15 (E15). The detailed procedure for acquiring these neurons was described in previously published reports [ 26 ] . On day 5, neurons were infected with 2 × 10 10 copies / well (1.5 × 10 7 copies / μl) of lentivirus expressing shRNA against mouse Tdp-43 (shTDP1 or shTDP2), mouse Cugbp1 (CUG triplet repeat, RNA-binding protein 1) (shCugbp1), or scrambled control (shCont). The virus-containing media was removed at 4 h after infection. The neurons were then cultured for 6 additional days and harvested on day 11 for RNA extraction and cDNA synthesis. Each knockdown experiment was performed in triplicate for each microarray analysis. Experiments were performed in accordance with the Guide for the Care and Use of Laboratory Animals issued by the National Institutes of Health and with the approval of the Nagoya University Animal Experiment Committee (Nagoya, Japan). The experiments on FUS-silenced primary cortical neurons were performed in the manner described above and have been detailed in a previously published report [ 26 ] .
For immunohistochemical analyses, we used an anti-β-tubulin antibody (TU20, Santa Cruz, Santa Cruz, CA), an anti-glial fibrillary acidic protein (GFAP) antibody (EB4, Enzo Life Sciences, Plymouth Meeting, PA), and 4 ,6-diamidino-2-phenylindole (DAPI) staining.
For immunoblot analyses, cells were lysed in TNE buffer containing protease inhibitors for 15 min on ice. The lysates were then cleared by centrifuging the cells at 13,000 g for 15 min at 4 • C. Lysates were normalized for total protein (10 μg per lane), separated using a 4-20% linear gradient SDS-PAGE and electroblotted. For immunoblot, we used anti-FUS antibodies (A300-293A, Bethyl Laboratories, Montgomery, TX), anti-TDP-43 antibody (Proteintech, Chicago, IL), and anti-actin antibody (Sigma, St. Louis, MO).
Microarray analysis
Total RNA was extracted from primary cortical neurons using the RNeasy Mini Kit (Qiagen, Hilden, Germany). We confirmed that the RNA integrity numbers (RIN) for the extracted samples were all greater than 7.0. We synthesized and labeled cDNA fragments from 100 ng of total RNA using the GeneChip WT cDNA Synthesis Kit (Ambion, Austin, TX). Hybridization and signal acquisition for the GeneChip Mouse Exon 1.0 ST Array (Affymetrix, Santa Clara, CA) were performed according to the manufacturer's instructions. Each array experiment was performed in triplicate. The robust multichip average (RMA) and iterative probe logarithmic intensity error (iter-PLIER) methods were employed to normalize exon-level and genelevel signal intensities, respectively, using Expression Console 1.1.2 (Affymetrix). We utilized the gene annotation provided by Ensembl version e!61, which is based on the National Center for Biotechnology Information (NCBI) Build 37.1 / mm9 of the mouse genome assembly.
All microarray data were registered in the Gene Expression Omnibus with accession numbers of GSE36153 (shFUS) and GSE46148 (shTDP-43 and shCugbp1).
Using Student's t -test, we compared the gene-level signal intensities from three controls treated with shCont with the gene-level signal intensities of three samples treated with either shTDP1 or shTDP2. We also analyzed alternative splicing profiles by filtering the exonlevel signal intensities, using a t -test with a threshold of p -value ≤0.1. Gene expression and alternative splicing profiles related to FUS regulation in primary cortical neurons were also obtained by comparing gene-level and exon-level signal intensities from three controls treated with shCont with the corresponding signal intensities from three samples treated with either shFUS1 or shFUS2, as previously described [ 26 ] . As a control for the RNA-binding protein-silencing model, we analyzed the gene-level and exon-level signal intensities of three samples treated with wither shCugbp1or shCont.
RT-PCR for alternative splicing analyses
Total RNA was isolated from cells using the RNeasy Mini Kit (Qiagen). The extracted RNA was then treated with DNase I (Qiagen). cDNA was synthesized from 1 μg of total RNA using oligo(dT) primers (Promega, Madison, WI). Primers for each candidate exon were designed using the Primer3 software program ( http: / / frodo.wi.mit.edu / primer3 / input.htm ). The primer sequences are provided in Supplementary Table 1 . Semi-quantitative reverse transcription polymerase chain reaction (RT-PCR) was performed using Ex Taq (Takara Bio Inc., Otsu, Japan), with the following amplification conditions: 25-30 cycles of 98 • C for 10 s, 60 • C for 30 s, and 72 • C for 1 min. The PCR products were electrophoresed on a 15% acrylamide gel and stained with ethidium bromide. The intensity of each band was measured using the Multi Gauge software program (Fujifilm, Tokyo, Japan).
Real-time qPCR for gene expression analysis
The RNeasy Mini Kit (Qiagen) was used to isolate total RNA from cells; 1 μg of total RNA was then reverse transcribed, using oligo-dT primers. This transcription utilized the CFX96 system (BioRad, Hercules, CA) and thermocycler conditions of 95 • C for 3 min followed by 40 cycles of 95 • C for 10 s and 55 • C for 30 s. Table 2 were validated by real-time qPCR ( n = 3; mean and SD). Quantities are calculated by the ratio to β-actin and shown as the relative expression ratio to shCont. Five commonly down-regulated genes (A) and seven commonly up-regulated genes (B) are indicated. Statistics were done by one-way ANOVA and Tukey test. * ( p < 0.05), ** ( p < 0.01), and *** ( p < 0.001) denote significant differences. The relative quantity of each transcript was calculated by creating a standard curve using the cycle thresholds for serial dilutions of complementary DNA (cDNA) samples, normalized to quantities of β-actin. The PCR was performed in triplicate for each sample, and all experiments were repeated twice. iQ SYBR Green Supermix (BioRad) and the sets of primers listed in Supplementary Table 1 were used for real-time quantitative polymerase chain reaction (qPCR) amplifications. 
Results
The shRNA-mediated silencing of TDP-43 and FUS in primary cortical neurons using lentivirus
To compare the global profiles of RNA molecules regulated by TDP-43 and FUS in primary cortical neurons, we produced TDP-43silenced primary motor neurons by infecting neurons with lentivirus expressing shRNA against TDP-43; control neurons were produced by infection with lentivirus expressing RNA against a scrambled control. The profiles of FUS-silenced primary cortical neurons using shFUS1 and shFUS2 were established in a previous study [ 26 ] . The purity of the primary cortical neurons was confirmed through immunostaining. We successfully established the desired primary cortical neurons with a purity of greater than 95% ( Supplementary Fig. S1A ).
The expression levels of TDP-43 were suppressed by approximately 60-90% by shTDP1 or shTDP2, as measured by real-time qPCR ( Supplementary Fig. S1B ). The expression levels of FUS were also suppressed by 80-90% by shFUS1 or shFUS2, as reported previously [ 26 ] . The protein levels of TDP-43 were markedly lower in primary neurons infected with shTDP1 and shTDP2 than in neurons infected with the shCont based on the immunoblot analysis ( Supplementary Fig.  S1C , left) . In addition, a reduction in FUS protein levels was observed in primary neurons infected with shFUS1 or shFUS2 ( Supplementary  Fig. S1C , right) .
As a control for the RNA-binding protein-silencing model, we knocked down the Cugbp1 gene in primary cortical neurons and confirmed that this knockdown produced a silencing efficiency of greater than 70% ( Supplementary Fig. S2 ).
Significant overlap in the transcriptomes of TDP-43-silenced neurons and FUS-silenced neurons
We analyzed gene expression levels and alternative splicing in TDP-43-silenced primary neurons using the Affymetrix GeneChip Mouse Exon 1.0 ST Array (GEO Accession No. GSE46148 ). We used Student's t -test to compare the gene-level signal intensities of three controls treated with shCont with the gene-level signal intensities of three samples treated with either shTDP1 or shTDP2. Among the 21,603 genes on the mouse exon array, 1411 genes had p -values ≤0.01 for both shTDP1 and shTDP2 treatments in the t -tests, and the correlation coefficient between the fold changes of the shTDP1 and shTDP2 treatments was 0.83 ( Supplementary Fig. S3A ).
We also analyzed alternative splicing profiles by filtering the exonlevel signal intensities using a threshold of a t -test p -value ≤0.1. This filtering yielded 4973 exons that were altered by both shTDP1 and shTDP2, with a correlation coefficient of 0.801 ( Supplementary Fig.  S3B ). To identify common effects produced by silencing TDP-43 and silencing FUS, we compiled a list of differentially expressed genes and alternatively spliced exons in primary cortical neurons silenced by shTDP-43 and in primary cortical neurons silenced by shFUS. By applying the threshold of a t -test p -value of ≤0.05 and a fold change of ≤0.67 or ≥1.5 for both shTDP1 and shTDP2, we obtained 204 genes with altered expression levels upon TDP-43 knockdown. Similarly, 183 genes were obtained for FUS by applying the threshold of a ttest p -value of ≤0.05 and a fold change value of ≤0.67 or ≥1.5 for both shFUS-1 and shFUS-2. Venn diagrams indicated that the set of genes or exons with expression that were differentially and consistently regulated by FUS markedly overlapped with the corresponding set of genes or exons for TDP-43 ( t -test, p < 0.05). In particular, an overlap of more than 25% was observed among the gene expression profiles of shTDP-43-and shFUS-treated neurons ( Fig. 1 A, We also filtered the exon-level signal intensities by applying a threshold of a t -test p -value of ≤0.05 and a fold change value of ≤0.67 or ≥1.5. We then determined TDP-43-and FUS-regulated exons as well as the overlap between these exons using the same approach that we applied for gene expression. We obtained 675 TDP-43-regulated genes and 429 FUS-regulated genes with altered exon expression. Venn diagrams indicate that there was an overlap of approximately 10% between the alternative splicing profiles produced by shFUS and the alternative splicing profiles produced by shTDP-43 ( Fig. 1 A, bot- tom panel; 61 / 674 (9.1%) of the genes for shTDP-43; 61 / 428 (14.3%) of the genes for shFUS).
We then compared the changes in the overlapping genes or exons affected by both shTDP-43 and shFUS after filtering these genes and exons using a t -test (with a threshold of p < 0.1). The fold change plot analysis demonstrated a strong correlation between shTDP-43 and shFUS with respect to gene expression ( Fig. 1 B left ; R 2 = 0.78); in contrast, the gene expression profile for neurons transduced with shRNA targeting a different RNA-binding protein, Cugbp1, did not correlate well with the expression profiles of neurons transduced with shTDP-43 ( R 2 = 0.46) or shFUS ( R 2 = 0.53) ( Supplementary Fig. S4A ). The fold change plot analysis of exon splicing also demonstrated a moderate correlation between shTDP-43 and shFUS ( Fig. 1 B right ; R 2 = 0.64). The exon splicing profile for neurons silenced with shRNA against Cugbp1 showed lesser correlation with the exon splicing profiles of neurons transduced with shTDP-43 ( R 2 = 0.52) or shFUS ( R 2 = 0.48) ( Supplementary Fig. S4B ).
We next analyzed the Gene Ontology (GO) terms for the genes that were regulated by TDP-43 and FUS ( t -test, p < 0.1; fold change of ≤0.77 or ≥1.3) using the Database for Annotation, Visualization and Integrated Discovery (DAVID), version 6.7 [ 27 , 28 ] . Genes regulated by TDP-43 were mainly categorized as being involved in signaling cascades and metabolic processes, and the GO terms for these genes were similar to the GO terms for genes regulated by FUS. In the list of the top 20 GO terms for genes with TDP-43-regulated expression and the corresponding list for genes with FUS-regulated expression, we identified eight common GO terms, including "small GTPase-mediated signal transduction" and "Wnt receptor signaling pathway" ( Table 1 ) . We also compiled the list of top 20 GO terms for genes with Cugbp1-regulated expression ( Supplementary Table S2 ). Only one and three common GO terms were identified in between the lists of Cugbp1-and TDP-43-regulated expression (GO:0007264) and Cugbp1-and FUS-regulated expression (GO:0007264, 0019637, and 0006644), respectively. In contrast, the GO terms for genes with TDP-43-or FUS-related alternative splicing regulation mainly referred to various neuronal functions; however, none of the same GO terms appeared in both the list of the top 20 GO terms for genes with TDP-43-regulated alternative splicing and the corresponding list for genes with FUS-regulated alternative splicing ( Table 1 ) .
Gene expression profiles are similar among the top 20 genes regulated by TDP-43 and FUS
We next investigated the detailed gene expression profiles of TDP-43-silenced primary cortical neurons. By filtering gene-level signal intensities using a t -test (with a threshold of p -value ≤0.1) and fold change (which was required to be ≤0.67 or ≥1.5), genes with differential expression in TDP-43-silenced primary cortical neurons were selected. Fourteen of the top 20 genes with expression regulated by TDP-43 were also regulated by FUS ( Supplementary Table S3 ). To select genes with differential expression upon changes in FUS regulation, gene-level signal intensities in the profile of FUS-silenced primary cortical neurons were filtered using a t -test (with a threshold of pvalue ≤0.1) and fold change (which was required to be ≤0.67 or ≥1.5). Genes that were differentially expressed in both TDP-43-silenced primary cortical neurons and FUS-silenced primary cortical neurons (as determined by the p -value ≤0.1 and fold change of ≤0.67 or ≥1.5 requirements) are listed with their fold change values in Table 2 . The list of commonly regulated genes includes 12 genes: five downregulated genes, such as Tgfbr1 (transforming growth factor-β receptor I; Fig. 2 A) , and seven upregulated genes, such as Stx1a (syntaxin 1A; Fig. 2 B) . The results were validated using quantitative reverse transcription polymerase chain reaction (qRT-PCR) and shown as mRNA expression ratio to β-actin ( Fig. 2 ) and Gapdh ( Supplementary Fig.   S5 ).
Genes with altered exon splicing regulated by both TDP-43 and FUS
After filtering the exons in genes that were differentially expressed in both shTDP1-and shTDP2-treated neurons, using the threshold of a t -test p -value of ≤0.1 and a fold change of ≥1.3 in primary neurons, we compared these exons with the profiles of alternatively spliced exons in shFUS1 and shFUS2 to obtain genes with altered splicing events that were commonly regulated by both TDP-43 and FUS. After validation by RT-PCR, we obtained 8 exons with alternative splicing events regulated by both TDP-43 and FUS ( Table 3 and Fig. 3 ).
Discussion
Both TDP-43 and FUS are involved in multiple levels of RNA processing, and mutations in these two genes are responsible for familial ALS and FTLD. Although TDP-43 and FUS pathologies appear to largely be mutually exclusive, the molecular and functional similarities between these two molecules suggest that TDP-43 and FUS may share a common downstream pathway leading to neuronal degeneration [ 29 , 30 ] .
Genes with altered expression levels or alternatively spliced exons in both TDP-43-and FUS-silenced primary neurons have fundamental functions in neurons, suggesting that transcriptome changes produced by loss-of-function mutations of TDP-43 and / or FUS may lead to neuronal cell death. This conjecture is supported by crossrescue findings from fish and fly models in which FUS overexpression rescued the defect phenotype caused by TDP-43 knockout [ 20 , 21 ] .
How do TDP-43 and FUS regulate common downstream genes and exons? These proteins do not appear to share the same binding target RNAs in neuronal tissue; in particular, it has been reported that the consensus sequences of TDP-43 are (UG) repeats [ 31 , 32 ] , whereas FUS has a widespread RNA binding pattern [ 26 , 33 ] . Research has indicated that these two RNA binding proteins may target distinct sets of cytoplasmic mRNA molecules in NSC-34 cells [ 34 ] . Although we found that there was an overlap of approximately 10% between genes with altered splicing after shFUS treatment and genes with altered splicing after shTDP-43 treatment, the regulation mechanism of common alternative splicing events remains unclear.
Our results indicated that 25% of genes with altered gene expression levels and 10% of genes with alternatively spliced exons were common to the transcriptome profiles of both TDP-43-silenced primary cortical neurons and FUS-silenced primary cortical neurons. These findings were comparable to the results reported by Lagier-Tourenne et al., which demonstrated that in adult mouse striatum, there was an overlap of more than 10% between alternative splicing events observed due to TDP-43 knockdown and alternative splicing events observed due to FUS knockdown [ 35 ] . Discrepancies between this prior study and the current investigation with respect to targeted RNAs could reflect the different cell types used in these studies; we specifically assessed neurons, whereas the mouse striatum contains a variety of cells, including neurons, glial cells, and other cell types.
In fact, in a recent study, we found distinct FUS-regulated transcriptomes among different cell lineages [ 24 ] .
Among the target RNA molecules that we identified, Stx1A is one of the most differentially upregulated genes in both TDP-43-silenced neurons and FUS-silenced neurons ( Table 2 ). Stx1A encodes Syntaxin 1A, which is a member of the syntaxin super family that is associated with the vesicle fusion process as a component of the SNARE complex [ 36 ] . The overexpression of Stx1A disturbed synaptic vesicle exocytosis in hippocampal neurons [ 37 ] , suggesting that up-regulation of Stx1A by silencing TDP-43 or FUS may produce synaptic dysfunction. Tgfbr1 is one of the most significantly downregulated genes in both TDP-43-silenced neurons and FUS-silenced neurons ( Table 2 ). Tgfbr1 encodes transforming growth factor (TGF)-β receptor I, which binds to TGF-β and transduces TGF-β signals from the cell surface to the cytoplasm. TGF-β signaling was disrupted in the motor neurons of mouse models of ALS and spinal and bulbar muscular atrophy (SBMA) [ 38 , 39 ] . This finding, in combination with our results, suggests that the TGF-β signaling pathway may be a strong candidate for targeted molecular therapy for motor neuron degeneration.
In addition, exon 14 of the Camk2a gene, which encodes the calcium / calmodulin-dependent protein kinase type II α chain, was skipped in both TDP-43-silenced primary neurons and FUS-silenced primary neurons. Camk2a is a critical player in calmodulin-dependent activity, long-term potentiation (LTP), and learning [ 40 ] . The expression of Camk2a has been reported to be decreased in Alzheimer's patients [ 41 ] . Clarifying the role of exon 14 of Camk2a in the function of this protein might link the calmodulin-dependent pathway to TDP-43-and FUS-associated FTLD. Despite the discovery of considerable evidence linking alternative splicing and various diseases, including neurodegeneration, it remains unclear how much alternative splicing is "noise" and how much of this splicing truly contributes to cell fate [ 42 ] . Further verification of whether these altered splicing events have pathogenic roles is required. In this study, we determined that TDP-43-silenced neurons and FUS-silenced neurons exhibited greater overlap in shared gene expression alterations than in altered splicing events. In addition, a considerable number of GO terms from gene expression data were common to both types of neurons, whereas distinct GO terms were obtained from alternative splicing events in the two types of neurons. These results suggest that TDP-43 and FUS do not share many splicing targets but instead may associate with each other during mRNA maturation and / or transportation, resulting in altered gene expression. Another possibility is that TDP-43 and FUS may share common molecular pathways that lead to neuronal cell death after multiple transcriptome disturbances.
In summary, the comparative analysis of the transcriptome profiles in primary cortical neurons revealed common downstream RNA targets of TDP-43 and FUS. These targets may be linked to a common pathway in the neurodegenerative processes of ALS / FTLD.
